Colony-stimulating factor 1 (CSF-1) is the main growth factor controlling the development of macrophages from myeloid progenitor cells. However, CSF-1 also regulates some of the key effector functions of macrophages (e.g., phagocytosis and cytokine secretion). The endosomal SNARE protein syntaxin 7 (Stx7) regulates vesicle trafficking events involved in phagocytosis and cytokine secretion. Therefore, we investigated the ability of CSF-1 to regulate Stx7. CSF-1 upregulated Stx7 expression in primary mouse macrophages; it also upregulated expression of its SNARE partners Vti1b and VAMP8 but not Stx8. Additionally, CSF-1 induced the rapid serine phosphorylation of Stx7 and enhanced its binding to Vti1b, Stx8, and VAMP8. Bioinformatics analysis and results from experiments with kinase inhibitors suggested the CSF-1-induced phosphorylation of Stx7 was mediated by protein kinase C and Akt in response to phosphatidylinositol 3-kinase activation. Based on mutagenesis studies, CSF-1 appeared to increase the binding of Stx7 to its SNARE partners by inducing the phosphorylation of serine residues in the Habc domain and/or "linker" region of Stx7. Thus, CSF-1 is a key regulator of Stx7 expression and function in macrophages. Furthermore, the effects of CSF-1 on Stx7 may provide a mechanism for the regulation of macrophage effector functions by CSF-1.
lates Stx7 expression and function and suggest that CSF-1 may indeed modulate the effector functions of macrophages, at least in part, via its ability to regulate Stx7. mediate membrane fusion between late endosomes (3, 43) . Therefore, the ability of CSF-1 to regulate the expression of Stx8, Vti1b, and VAMP8 was also investigated. While Stx8 expression was unaffected by CSF-1, an increase in Vti1b expression was detected as early as 2 h post-CSF-1 stimulation (Fig. 1B) . Maximal upregulation of Vti1b expression (ϳ2.5-to 3-fold) occurred by around 8 to 12 h poststimulation (Fig. 1B) . VAMP8 protein expression was also upregulated approximately threefold by CSF-1 and remained elevated for at least 24 h (Fig. 1B) .
CSF-1 induces serine phosphorylation of Stx7. CSF-1 stimulation of macrophages also appeared to cause a slight reduction in the electrophoretic mobility of Stx7 (Fig. 1B) . To examine further this apparent effect of CSF-1 on Stx7, CSF-1-deprived macrophages were subjected to acute stimulation with CSF-1 (i.e., for up to 60 min); lysates of the cells were then analyzed by Western blotting. A decrease in the electrophoretic mobility of Stx7 was detected as early as 5 min post-CSF-1 stimulation, with the change in mobility evident for at least 60 min ( Fig. 2A) . When SDS-PAGE conditions were optimal, it was possible to detect at least three to four isoforms of Stx7 in lysates of CSF-1-stimulated macrophages ( Fig. 2A ). Akt and Erk1/2 activation preceded the CSF-1-induced reduction in the electrophoretic mobility of Stx7, while degradation of the CSF-1 receptor temporally correlated with the effects of CSF-1 on Stx7 ( Fig. 2A) . The changes in the electrophoretic properties of Stx7 suggested that Stx7 may have become phosphorylated. Antiphosphotyrosine Western blotting of anti-Stx7 immunoprecipitates failed to reveal detectable CSF-1-induced tyrosine phosphorylation of Stx7 (data not shown), thus suggesting that Stx7 may have become phosphorylated on serine FIG. 1. Regulation of Stx7 expression by CSF-1. (A) Mouse bone marrow-derived macrophages were deprived of CSF-1 for 16 h before being stimulated with CSF-1 for the time indicated. Total RNA was then extracted and reverse transcribed into cDNA, which was then subjected to quantitative real-time PCR. 18S rRNA was used as the internal control. Stx7 mRNA levels are relative to its expression in the absence of CSF-1, which was given an arbitrary value of 1.0. Stx7 mRNA levels (mean Ϯ standard error) at each time point were measured in triplicate, and the data are representative of three experiments. (B) Macrophages were cultured as for panel A and cell lysates subsequently subjected to Western blotting with the indicated antibodies. The membrane was also probed with an antiactin antibody to assess loading. The positions of molecular mass markers (in kDa) are indicated on the right. ␣-Stx7, anti-Stx7; other antibodies are similarly indicated.
FIG. 2. CSF-1-induced phosphorylation of Stx7 in macrophages. (A)
Mouse bone marrow-derived macrophages were deprived of CSF-1 for 16 h before being stimulated with CSF-1 for the time indicated. The cells were then lysed and the lysates subsequently subjected to Western blotting with the indicated antibodies. The positions of molecular mass markers (in kDa) and the different Stx7 isoforms (arrows) are indicated on the right. ␣-Stx7, anti-Stx7; other antibodies are similarly indicated. (B and C) Macrophages that had been metabolically labeled with [ 32 P]orthophosphate were stimulated with CSF-1 for 15 min and then lysed. (B) Stx7 was immunoprecipitated from the lysates using anti-Stx7 antibodies and the immunoprecipitates subsequently subjected to autoradiography (upper panel) or Western blotting with an anti-Stx7 antibody (lower panel). (C) Stx7 that had been immunoprecipitated from the [ 32 P]orthophosphate-labeled macrophages in panel B was excised from the PVDF membrane and subjected to phosphoamino acid analysis. The positions of phosphoamino acid standards (pSer, phosphoserine; pThr, phosphothreonine; pTyr, phosphotyrosine) are indicated on the right. (D) Macrophages were deprived of CSF-1 for 16 h before being stimulated with CSF-1 for 15 min and then lysed in the absence of phosphatase inhibitors. Aliquots of the lysates were incubated with CIP or in reaction buffer alone for 30 min at 37°C. The lysates were then subjected to Western blotting with an anti-Stx7 antibody. (E) Lysates of macrophages that had been left unstimulated or which had been stimulated with CSF-1 for 15 min were subjected to two-dimensional SDS-PAGE analysis followed by Western blotting with an anti-Stx7 antibody.
VOL. 28, 2008 EFFECTS OF CSF-1 ON SYNTAXIN 7 6151 and/or threonine residues in response to CSF-1. This idea was tested by metabolically labeling macrophages with [ 32 P]-orthophosphate prior to stimulating them with CSF-1 and immunoprecipitating Stx7. Analysis of the anti-Stx7 immunoprecipitates revealed that although Stx7 was phosphorylated in the absence of CSF-1, CSF-1 stimulation led to a marked increase in the phosphorylation of Stx7 (Fig. 2B) . Phosphoamino acid analysis revealed that Stx7 from both unstimulated and CSF-1-stimulated macrophages was phosphorylated exclusively on serine residues (Fig. 2C) . To establish if phosphorylation of Stx7 accounted for the appearance of the different isoforms detected by Western blotting, lysates of macrophages that had been stimulated with CSF-1 or had been left unstimulated were treated with calf intestinal alkaline phosphatase (CIP). As shown in Fig. 2D , the more slowly migrating isoforms of Stx7 largely disappeared when the cell lysates were treated with CIP. The effects of CSF-1 on the electrophoretic properties of Stx7 were also examined by two-dimensional SDS-PAGE. Stx7 from macrophages that had been deprived of CSF-1 exhibited a range of pI values but could generally be divided into two major populations (Fig. 2E) ; however, only a single population of Stx7, which had a higher pI, was detected following CSF-1 stimulation (Fig. 2E) . Phosphorylated proteins are more acidic than their nonphosphorylated counterparts, and thus, the increase in pI was unexpected. Furthermore, treating the lysates with CIP prior to two-dimensional SDS-PAGE did not abrogate the CSF-1-induced increase in pI (data not shown). Therefore, the different Stx7 "isoforms" detected by two-dimensional SDS-PAGE may have represented different Stx7 complexes rather than differentially phosphorylated Stx7. Supporting this contention is the fact that urea, which was used during the isoelectric-focusing step to promote protein denaturation, has previously been used to stabilize Stx7-Vti1b-Stx8 complexes in order to allow their analysis by ion-exchange chromatography (2).
CSF-1 stimulation enhances the binding of Stx7 to its partner SNARE proteins.
Given that Stx7 regulates vesicles trafficking in concert with other SNARE proteins (e.g., Vti1b, Stx8, and VAMP8) (3, 34, 43) , the effects of CSF-1 on the interaction of Stx7 with other endosomal SNARE proteins were examined. Vti1b, Stx8, and VAMP8 coimmunoprecipitated with Stx7 from CSF-1-deprived macrophages; however, acute CSF-1 stimulation resulted in a two-to threefold increase in their coimmunoprecipitation with Stx7 ( Fig. 3A and  B) . The coimmunoprecipitation of Vti1b, Stx8, and VAMP8 with Stx7 was specific since they were not detected in immunoprecipitates using an irrelevant control antibody (Fig. 3A) . Reciprocal coimmunoprecipitation experiments with antiVti1b ( Fig. 3C and D) and anti-Stx8 ( Fig. 3E and F) antibodies likewise demonstrated increased complex formation between Stx7, Vti1b, Stx8, and VAMP8 in response to CSF-1 stimulation.
Bioinformatics analysis of potential phosphorylation sites in Stx7. In order to identify the serine residue(s) in Stx7 that underwent CSF-1-induced phosphorylation, the amino acid sequence of Stx7 was first subjected to bioinformatics analysis. ClustalW-based sequence alignment (53) of mouse Stx7 (UniProtKB/Swiss-Prot accession number 070439) with those of the rat (accession number 070257), human (accession number 015400), and ape (accession number Q5R602) Stx7 proteins identified 17 serine residues that were evolutionarily conserved across all 4 species (Fig. 4A) . Of note were the seven conserved serine residues (Ser-125, Ser-126, Ser-129, Ser-136, Ser-137, Ser-144, and Ser-147) at the C-terminal end of the Hc domain and in the "linker" region connecting the Hc domain and the SNARE domain, as well as the four conserved serine residues (Ser-173, Ser-174, Ser-205, and Ser-225) in the SNARE domain (Fig. 4A) . Submission of the mouse Stx7 amino acid sequence to the NetPhos server (www.cbs.dtu.dk/services /NetPhos/) (7) identified a number of putative serine phosphor- (Fig. 4C) . Similarly, Ser-126 was identified as a potential phosphorylation site for Akt (Fig. 4C) . Activation of PKC triggers phosphorylation of Stx7. Given the above findings and the fact that CSF-1 has been reported to trigger the activation of PKC in macrophages (23, 56) , we tested whether treatment of macrophages with the PKC activating agent phorbol myristate acetate (PMA) resulted in the phosphorylation of Stx7. Figure 5A shows that PMA induced a rapid decrease in the electrophoretic mobility of Stx7, suggesting that Stx7 had indeed undergone phosphorylation upon PKC activation. PMA stimulation did not result in Akt activation (data not shown), but it did lead to the rapid and transient VOL. 28, 2008 EFFECTS OF CSF-1 ON SYNTAXIN 7 6153 activation of Erk1/2 (Fig. 5A ). To determine whether CSF-1-induced phosphorylation of Stx7 involved PKC, the effects of the PKC inhibitors GF109203X (54) and Gö6983 (20) on the electrophoretic mobility of Stx7 were examined. GF109203X partially blocked the CSF-1-induced change in Stx7 mobility, whereas Gö6983 was without effect (Fig. 5B) . The efficacy of the PKC inhibitors was confirmed by demonstrating their capacity to block PMA-induced Erk1/2 activation (Fig. 5C ). The ability of GF109203X to partially suppress the CSF-1-induced phosphorylation of Stx7 was not a consequence of the inhibitor impairing Akt activation by CSF-1 (Fig. 5B ). These observations suggested that in addition to PKC, another serine/threonine kinase(s) also contributed to the CSF-1-induced phosphorylation of Stx7. Regulation of Stx7 phosphorylation by Akt and PI 3-kinase. Bioinformatics analysis of Stx7 also indicated that Akt, which is activated in response to CSF-1 (28), may also phosphorylate Stx7, particularly at Ser-126 (Fig. 4C) . In order to establish if Akt activity was required for the CSF-1-induced phosphorylation of Stx7, macrophages were treated with the Akt inhibitors Akt VIII (6) and Akt X (52) prior to their stimulation with CSF-1. As shown in Fig. 6A , Akt inhibitor VIII partially suppressed the CSF-1-induced phosphorylation of Stx7 while completely blocking Akt activation. In contrast, Akt inhibitor X had no apparent affect on Stx7 phosphorylation and only partially blocked the activation of Akt in response to CSF-1 (Fig.  6A) . Given that the activation of Akt is dependent on PI 3-kinase activity, the effects of the PI 3-kinase inhibitors LY294002 (60) and wortmannin (5) on the CSF-1-induced phosphorylation of Stx7 were also examined. Both PI 3-kinase inhibitors markedly suppressed Stx7 phosphorylation (Fig.  6A) . Inhibitors of p70S6 kinase, MEK, p38 MAP kinase, and Src family kinases had no effect on the CSF-1-induced phosphorylation of Stx7 (data not shown). Because the activation of PI 3-kinase can lead to the activation of various PKC isoforms (32) and to the activation of Akt, the combined effects of the PKC inhibitor GF109203X and Akt inhibitor VIII on Stx7 phosphorylation were assessed. When used in combination, the two inhibitors reduced the CSF-1-induced phosphorylation of Stx7 to an extent that was largely comparable to that achieved with the PI 3-kinase inhibitor LY294002 (Fig. 6B) . Thus, the CSF-1-induced phosphorylation of Stx7 is most likely mediated via both PKC and Akt in response to the activation of PI 3-kinase.
Regulation of the interaction of Stx7 with other SNARE proteins by PI 3-kinase. PI 3-kinase-dependent phosphorylation of Stx7 by PKC and Akt may represent an important mechanism to regulate the assembly of endosomal SNARE complexes. Therefore, the effect of the PI 3-kinase inhibitor LY294002 on the binding of Stx7 to Vti1b, Stx8, and VAMP8 was examined. The ability of CSF-1 to enhance the binding of Stx7 to Vti1b was blocked when the macrophages were pretreated with LY294002 ( Fig. 7A and B) . The enhanced interaction between Stx7, Vti1b, Stx8, and VAMP8 in response to CSF-1 and the sensitivity of this response to LY294002 were confirmed by coimmunoprecipitation assays using antibodies against Stx8 and Stx7 (Fig. 7C to E) . Western blotting of the cell lysates revealed that LY294002 had not affected the expression level of Stx7, Vti1b, or VAMP8 (Fig. 7F) . Together, these findings suggest that the PI 3-kinase-dependent phosphorylation of Stx7 positively regulates its binding to partner SNARE proteins. However, we cannot exclude the possibility that the inhibitory effects of the PI 3-kinase inhibitor on SNARE complex assembly could also have been due to the impaired trafficking of the SNARE proteins to late endosomes/ lysosomes.
Mutation of Ser-125, Ser-126, and Ser-129 abrogates CSF-1-induced phosphorylation of Stx7. It has recently been reported that Ser-125, Ser-126, and Ser-129 in Stx7, which we identified as potential phosphorylation sites for PKC and Akt (Fig. 4C) , are phosphorylated in vivo (59) . To establish if these serine residues represent the major CSF-1-induced phosphorylation sites in Stx7, mutant forms of Stx7, in which Ser-125, Ser-126, and Ser-129 were replaced with alanine or the phosphomimetic, glutamic acid (see Fig. 8A ), were expressed in macrophages via retroviral transduction. Mutation of Ser-125, Ser-126, and Ser-129 to alanine largely abolished the ability of CSF-1 to induce the appearance of higher-molecular-mass isoforms of Stx7 (Fig. 8B) . Furthermore, the Stx7 serine-to-alanine mutant (V5-Stx7S/A) appeared to exhibit a slightly faster electrophoretic mobility than V5-Stx7, even in the absence of CSF-1 (Fig. 8B) . When the same serine residues were mutated to glutamic acid (V5-Stx7S/E), Stx7 exhibited a reduced electrophoretic mobility (Fig. 8B ). This reduction in mobility was not a consequence of increased basal levels of activated Akt in (Fig. 8B) . Likewise, the inability of CSF-1 to induce a decrease in the mobility of V5-Stx7S/A was not due to a failure of CSF-1 to activate Akt (Fig. 8B) . The contribution of Ser-125, Ser-126, and Ser-129 to Stx7 total phosphorylation was assessed by metabolically labeling retrovirally transduced macrophages with [ 32 P]orthophosphate. As was the case for endogenous Stx7 (Fig. 2B ), V5-Stx7 was phosphorylated in the absence of CSF-1 but underwent further phosphorylation upon CSF-1 stimulation (Fig. 8C ). V5-Stx7S/A exhibited a lower level of basal phosphorylation than did V5-Stx7, and stimulation with CSF-1 did not result in any increase in its phosphorylation (Fig. 8C) . The extent of V5-Stx7S/E phosphorylation, both in the absence and presence of CSF-1, was comparable to that of V5-Stx7 from unstimulated macrophages (Fig. 8C) . Thus, Ser-125, Ser-126, and/or Ser-129 represent the major CSF-1-induced phosphorylation sites in Stx7.
Ser-125, Ser-126, and/or Ser-129 regulate the CSF-1-dependent binding of Stx7 to other SNARE proteins. The importance of the phosphorylation of Ser-125, Ser-126, and/or Ser-129 for the binding of Stx7 to partner SNARE proteins was evaluated by immunoprecipitating the mutant forms of Stx7 from retrovirally transduced macrophages. Mutation of Ser-125, Ser-126, and Ser-129 to glutamic acid resulted in a threeto fourfold increase in the CSF-1-independent binding of Vti1b and VAMP8 to Stx7 (Fig. 9A and B) . In contrast, no increase in CSF-1-independent binding of Vti1b and VAMP8 occurred when Ser-125, Ser-126, and Ser-129 were mutated to alanine (Fig. 9A and B) . Furthermore, CSF-1 failed to enhance the binding of Vti1b and VAMP8 to V5-Stx7S/A (Fig. 9A) . Although V5-Stx7S/E exhibited a higher level of CSF-1-independent Vti1b and VAMP8 binding than V5-Stx7, the binding of Vti1b and VAMP8 to V5-Stx7S/E was not enhanced further by CSF-1 (Fig. 9A) . On the basis of these findings, it is suggested that the PI 3-kinase-dependent phosphorylation of Stx7 on Ser-125, Ser-126, and/or Ser-129 is a key regulatory event in the binding of Stx7 to its SNARE partners in macrophages.
DISCUSSION
Previous studies, including our own, have shown that Stx7 forms an endosomal SNARE complex with Vti1b, Stx8, and VAMP8 to mediate late endosome/lysosome fusion (3, 34, 43) . In macrophages, Stx7 has been detected on mature phagosomes (12); it has also been shown to be a component of a novel SNARE complex that mediates the trafficking of the key inflammatory cytokine TNF to the plasma membrane (38) . Given that CSF-1 regulates phagocytosis, pinocytosis, and cytokine secretion in macrophages (11, 13, 24, 30, 44, 50) , we propose that the regulation of Stx7 expression and function by CSF-1 contributes to its regulatory effects on at least some of these effector functions.
Stx7 expression was upregulated, at both the mRNA and protein levels, by CSF-1 in mouse bone marrow-derived macrophages (Fig. 1 ). Vti1b and VAMP8 expression was also upregulated; however, the expression levels of Stx8 appear to be unaffected by CSF-1. LPS has been reported to increase Vti1b, Stx6, and VAMP3 expression in macrophages; moreover, their LPS-induced upregulation was necessary for efficient TNF secretion (37, 38) . Gamma interferon (IFN-␥), which heightens the inflammatory response of macrophages to pathogens (e.g., increases cytokine secretion), also upregulates the expression of Vti1b, Stx6, and VAMP3 (37, 38) . Whether the effects of CSF-1, LPS, and IFN-␥ on SNARE protein expression are identical but perhaps additive, or just overlapping, is still to be established. Nonetheless, our findings, together with those of Stow and colleagues (37, 38) , suggest that the regulatory effects of growth factors (e.g., CSF-1) and cytokines (e.g., IFN-␥) on on October 26, 2015 by University of Queensland Library http://mcb.asm.org/ macrophages are likely to be mediated, at least in part, via their ability to regulate the expression of the SNARE proteins that are required for specific effector functions (e.g., cytokine secretion).
Little is known about how the binding of Stx7 to its partner SNARE proteins is regulated. However, the data we have presented here suggest that phosphorylation of Stx7 is a key regulatory event in the assembly of endosomal SNARE complexes. Bioinformatics analysis identified Ser-125, Ser-126, and Ser-129 as likely sites for phosphorylation. In support of this contention, a recent mass spectrometry-based analysis of phosphorylation sites in proteins from mouse liver identified Ser-125, Ser-126, and Ser-129 as in vivo phosphorylation sites in Stx7 (59) . Our analysis predicted that the phosphorylation of these sites was likely to be mediated by PKC and Akt. While pharmacologic inhibitors of PKC and Akt individually suppressed the CSF-1-induced phosphorylation of Stx7, the extent of suppression was not as great as that achieved with a PI 3-kinase inhibitor (e.g., LY294002). However, when the PKC and Akt inhibitors were used in combination, they were as effective as the PI 3-kinase inhibitor. Based on these findings, we propose that PKC and Akt are largely responsible for mediating the CSF-1-induced phosphorylation of Stx7 in response to PI 3-kinase activation, potentially via the PI 3-kinase target, phosphoinositide-dependent kinase 1 (32) .
The CSF-1-induced phosphorylation of Ser-125, Ser-126, and/or Ser-129, which are located at the end of the Habc domain and at the start of the "linker" connecting the Habc and SNARE domains in Stx7, appears to positively regulate the binding of Stx7 to its SNARE partners (e.g., Vti1b and VAMP8). Notably, though, the phosphorylation of Ser-125, Ser-126, and/or Ser-129 is not obligatory for the binding of Stx7 to its partner SNARE proteins, since a Stx7 mutant (i.e., Stx7S/ A), in which these amino acids had been replaced with alanine residues, could still bind Vti1b and VAMP8. This suggests that the phosphorylation of Ser-125, Ser-126, and/or Ser-129 in Stx7 regulates the rate of complex assembly between Stx7 and its partner SNARE proteins and/or the stability of such SNARE complexes.
The Habc domain of Stx7 has been shown to fold back and interact intramolecularly with the SNARE domain; SNARE complex assembly is retarded in this "closed" conformation (2). However, deletion of the Habc domain releases Stx7 from this inhibitory constraint and leads to accelerated SNARE complex assembly (2) . The Habc domain of the Qa-SNARE protein Stx1A also interacts with the SNARE domain to inhibit SNARE complex assembly (14, 16, 35) . While an intramolecular interaction between the Habc and SNARE domains of Stx7 is likely to contribute to the regulation of endosomal SNARE complex assembly, how the switching of Stx7 from a "closed" to an "open" conformation is regulated in vivo has not been established. Our results suggest that the PI 3-kinasedependent phosphorylation of Stx7 by PKC and Akt regulates the conformational state of Stx7. We propose that phosphorylation of Ser-125, Ser-126, and/or Ser-129 in response to PI 3-kinase activation induces a conformational change in Stx7 such that it adopts an "open" conformation in which its SNARE domain is accessible to bind other SNARE proteins (Fig. 10) , thereby facilitating the assembly of Stx7 SNARE complexes. Like Stx7, the Qb-SNARE Vti1b also contains a Habc domain; however, unlike Stx7 the Habc and SNARE domains of Vti1b do not appear to interact intramolecularly to suppress SNARE complex assembly (2) . Consequently, phosphorylation of Stx7, in particular phosphorylation of Ser-125, Ser-126, and/or Ser-129, is likely to be a major determinant of the assembly of Stx7-Vti1b-Stx8 Q-SNARE complexes. Stx7 also forms a SNARE complex with Vti1b and the Qc-SNARE Stx6 to facilitate the fusion of Golgi-derived vesicles with recycling endosomes during the intracellular trafficking of TNF in macrophages (38) . How Stx7 discriminates between different partner SNARE proteins (e.g., Stx6 versus Stx8) has not been elucidated. While the subcellular localization of its partner SNARE proteins, as well as the nature of the cargo to be transported by the vesicle, is likely to influence which SNARE proteins Stx7 binds, phosphorylation of Stx7 could potentially regulate the differential binding of SNARE proteins to Stx7. Our mutagenesis and metabolic labeling experiments suggested that Ser-125, Ser-126, and Ser-129 represent the major CSF-1-induced phosphorylation sites in Stx7. However, bioinformatics analysis also identified Ser-173 and Ser-234 as possible phosphorylation sites for PKC. Ser-173 is located near the start of the SNARE motif, while Ser-234 resides between the SNARE domain and the hydrophobic C-terminal membrane anchoring domain. It will clearly be important to establish if Ser-173 and Ser-234 are bona fide phosphorylation sites and if their phosphorylation status differentially regulates the binding of SNARE proteins, such as Stx6 and Stx8, to Stx7.
Stx7 also binds to non-SNARE proteins, such as class C vacuolar protein sorting (Vps) proteins (e.g., Vps33, a Sec1-like protein) (29) . Class C Vps proteins control the fusion of late endosomes with lysosomes by regulating SNARE protein pairing (42, 46) . Studies with yeast revealed that the class C Vps complex binds to unpaired Vam3p (a yeast syntaxin homolog) but not to Vam3p that is bound to its SNARE partners (46) . It is worth noting that the Sec1 protein Munc18 interacts with and stabilizes the "closed" conformation of Stx1A (14) . By analogy, the phosphorylation state, and hence conformation, of Stx7 may regulate its interaction with the Sec1-like protein Vps33.
PI 3-kinase activity is required for a range of vesicular trafficking processes in macrophages (4, 36, 58) . The findings presented here on the regulation of Stx7 and the assembly of endosomal SNARE complexes by PI 3-kinase may help to explain, at least in part, the importance of PI 3-kinase activity for endocytic processes in macrophages. Moreover, the effects of CSF-1 on Stx7 may provide a mechanism for the regulation of macrophage effector functions, such as cytokine secretion, phagocytosis, and macropinocytosis, by CSF-1. Our findings may also be of relevance to the regulation of CSF-1 signaling. Endocytosis and lysosomal degradation of activated CSF-1 receptor is important for controlling CSF-1 signaling and macrophage proliferation (31) . There is mounting evidence that some receptors (e.g., epidermal growth factor receptor) continue to signal during their transit through the endocytic pathway (21) . The ability of CSF-1 to regulate the expression and function of the SNARE proteins that control late endosome/ lysosome fusion may therefore represent a novel negativefeedback mechanism to regulate the duration and magnitude of CSF-1 signaling. 
